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Abstract 
Increasing global competition requires technological innovation with new political, commercial and technical advances empowered by market 
dynamics. These challenges must be met with appropriate decision-making by manufacturing companies to secure competitive advantage without 
compromising sustainability. This requires decision-makers to seize opportunities for improving sustainable solutions in strategic and operational 
activities. Various scientific and case-based methods are applied to measure the performance and sustainability level of manufacturing systems. 
However, embedding sustainability in decision-making has not been fully realized by academics and practitioners. This paper introduces a model-
based approach for assessing value creation to enhance manufacturing sustainability. The major objective of the approach is to evaluate the 
strategic alignment and sustainability of the solutions to overcome a challenge related with a product, process or equipment in manufacturing. 
The approach proposes a framework that transforms customer requirements first into descriptive attributes to assign the value for strategic 
alignment and later into comprehensive metrics to measure the sustainability value. The approach provides decision-makers with a method of 
comparing sustainable value addition and strategic alignment when evaluating alternatives. In a case-based application, the production equipment 
of a service provider is evaluated to select the option that adds the most value, both strategically and sustainably, to meet customer requirements.  
 Keywords: embedding sustainability into strategic alignment; value creation, assessment, decision-making 
1. Introduction 
Engineers and managers have conducted performance 
analyses of manufacturing activities for decades. They are 
responsible for ensuring that technological systems and their 
elements meet customer requirements. Since the reality of 
limited resources and continuous growth, and the unequal 
distribution of wealth cannot be neglected, sustainability has 
become both a requirement and a challenge in the last decade 
for mankind’s survival on earth and for future development [1]. 
While societies have become more economically resilient, 
there is a need to also become more environmentally sensitive 
and socially equitable. As promoting sustainability gains 
importance, the definition of value should be expanded to 
include environmental and societal in addition to economic 
benefit.  
In manufacturing organizations that are interested in 
promoting sustainable manufacturing, strategic alignment and 
sustainability represent two central criteria for assessing 
options, in addition to other operational criteria. Businesses are 
uniquely positioned to shape the future of economically 
beneficial and sustainable manufacturing activities. With the 
goal of promoting changes in management through 
sustainability-driven decision-making, this paper introduces a 
model-based approach for assessing value creation to enhance 
manufacturing sustainability. 
The next section introduces the value creation framework 
proposed by this approach. A literature review is then 
conducted in section 3 to offer insights into accomplishments 
in manufacturing performance and sustainability measurement. 
A methodology section then follows, in which the model-based 
approach for assessing value creation is presented. Thereafter, 
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application of the method to a case study is presented. The 
conclusions and future work are summarized in the last section. 
2. Value Creation Framework 
In manufacturing, value creation is achieved through 
changing the ratio between input and output in terms of raw 
materials and resources for manufacturing activities. Ueda 
describes value creation transformation at different levels 
depending on the nature of interactions between different 
stakeholders and the broader system [2]. Interactions between 
suppliers, manufacturers, customers and other stakeholders, 
decentralized decision-making and self-organization shape 
global value creation.  
Companies create value by satisfying customer needs and 
shareholder requirements to deliver products or services while 
securing shared benefits for all stakeholders, e.g., suppliers, 
manufacturers, distributors and customers. 
In the horizontal integration of stakeholders, materials flow 
through a supply chain. Vertically integrated, manufacturing 
activities transform inputs into outputs along the total life-
cycle, including major activities such as raw materials 
extraction, transportation, processing, assembly, manufacture, 
use and a range of post-use activities such as disassembly, reuse 
and remanufacture. Value creation networks consist of value 
creation modules integrated vertically and horizontally, as 
shown in Fig. 1. It also shows five value creation factors (VCF: 
product, process, equipment, organization and human) and 
their interactions for one module in the network [3]. Value 
creation modules are applied to specify a case-based scope 
representing different stages of a life-cycle. 
3. Assessment of Value Creation 
Manufacturing requires a complex system that includes the 
designing, controlling and monitoring the value chain; 
measuring its performance can support management and 
improve competitiveness.  
Historically, achieving the goals of customer satisfaction, 
efficiency, quality improvement, and reduction in cost and time 
have driven the study of manufacturing systems as value 
creation networks.  
Measures, metrics and indicators quantify attributes of an 
object, product or process and enable comparison and 
evaluation of goals or benchmarks. They simplify, visualize 
and communicate complex information [4]. However, a 
uniform set of indicators or metrics for measurement does not 
yet exist. Each case has characteristics that depend on a specific 
perspective, which determines the types of measures that are 
relevant for the assessment. To strike a balance between lean, 
green and sustainable commitments, adequate and 
representative measures must be selected.  
The approach to measure and monitor a company's success 
and sustainability performance is the fundamental question this 
paper aims to address.  
3.1. Performance Measurement 
Performance investigates effectiveness and efficiency in 
the achievement of a specified activity [4]. Efficiency seeks to 
increase speed, with less waste and in the most economical way 
to achieve the best value, expressed as the input-output ratio. It 
is a fundamental criterion for achieving a competitive 
advantage in today’s market environment. Data envelopment 
analysis (DEA), e.g., is a method applied to evaluate efficiency 
within given settings [4]. Effectiveness seeks to undertake the 
best activity at the right time and place, at the right cost to 
achieve a predetermined desired effect and an overall goal. 
Quality function deployment (QFD) is one of the quantitative 
tools of quality management that is used to translate customer 
requirements and specifications into appropriate technical or 
service requirement effectively [4]. 
Performance measurement involves using information to 
evaluate activities as they pertain to meeting strategic 
objectives and customer expectations. Strategy determines the 
basic goals and objectives of an enterprise, and influences the 
allocation of the resources required in the accomplishment of 
those goals [5]. The main goal is control, communication and 
improvement of value creation through a set of comparable and 
measurable indicators. 
Both the Total Quality Management (TQM) and Toyota's 
Lean Production System philosophies assisted in spreading the 
development and implementation of performance measurement 
systems in companies. Another acknowledged performance 
measurement system based on financial and non-financial data 
is the Balanced Scorecard (BSC) framework [7]. The BSC is 
used to translate the strategy of organizations into a set of 
qualitative objectives and quantitative measures that support 
the future improvement with targets and strategic initiatives. 
Many strategic measurement models based on BSC have been 
developed to evaluate some aspects of performance and to offer 
practical guidelines for companies [6]. 
To strengthen market positioning at enterprise level, and to 
solve problems and deliver the same goals at organizational or 
process level, all objectives need to be  aligned, so that they are 
systematically linked to overall company goals. 
Another broadly accepted framework for continuous 
improvement on VCF level is the Plan-Do-Check-Act (PDCA) 
cycle [9]. The PDCA cycle describes the iterative application 
of the planning, controlling and quality management processes 
to satisfy customer requirements. The process starts with the 
establishment of a plan (Plan), continues with its execution 
(Do), monitoring, evaluation and results analysis (Check). 
Corrective actions (Act) to rectify performance are then 
implemented. PDCA is considered later to develop Six Sigma 
Fig. 1 Value creation framework [3] 
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decision models for problem solving based on the product and 
process requirements of the customer [7].  
Despite the prevalence of financial and utilization metrics, 
the lack of standardization in this area has led the measurement 
focus to move to merely an efficiency perspective [8]. The 
review addresses the lack of an integrative framework for 
performance measurement based on both efficient and effective 
measures.  
3.2. Sustainability Measurement 
From an anthropocentric view, sustainability is defined as 
actions and developments that meet the needs of current and 
future generations [9]. Sustainability targets similar or higher 
living standards and long-term business success. Sustainable 
development represents a change and also a duty for every 
generation to be aware of orientation, balance and transfer. 
Building sustainable value creates a lasting value for 
shareholders and stakeholders based on economic, 
environmental and social criteria, without transferring it from 
other stakeholders [10].  
The basic goal of any company is succeeding in the global 
business environment and increasing market share. To achieve 
this goal, in addition to profitability, environmental integrity 
and social equity are required.  
Sustainable manufacturing is “the creation of 
manufactured products that use processes, which minimize 
negative environmental impacts, conserve energy and natural 
resources, are safe for employees, communities and consumers 
and are economically sound.” [11].  
The purpose of sustainability assessment is to evaluate 
globally and locally integrated manufacturing systems in short- 
and long-term perspectives to assist decision-makers in 
determining which actions should or should not be taken to 
make manufacturing systems more sustainable [12]. 
Sustainability assessment methods address a broad and 
complex topic, are problem-driven and typically synthesize 
findings from multiple studies for a specific case. Methods 
differ in terms of data quality level, area of application and 
assessment approach regarding their scope, scale, organization, 
process, participation of experts, resources and perceived 
policy relevance.  
To measure the impact of sustainability in manufacturing, 
the entire product life-cycle must be considered. Life-cycle 
analysis (LCA) methodologies aim to assess the sustainability 
performance of total product life-cycle. ISO 14000 and ISO 
14044 provide widely used guidelines for LCA studies [13]. 
Although various international efforts to measure sustainability 
exist, most focus on one of three sustainability criteria. 
Evaluation approaches such as tracking carbon and water 
footprint apply the total life-cycle concept to only one 
environmental impact; integral approaches rarely exist [14].  
All relevant aspects, however, must be considered 
concurrently in business decision-making to support 
companies analyze current processes and identify new ways for 
value creation. Therefore, a simple toolbox for monitoring and 
developing sustainable solutions in manufacturing activities 
needs to be developed.  
4. Model-based Approach for Assessing Value Creation 
It is desirable to have a formulized methodology to increase 
profitability while increasing sustainability in manufacturing. 
Profitability and sustainability are of equal importance, and 
each has a direct impact on the other [15]. Making changes in 
the existing manufacturing system implies greater benefits for 
contracted stakeholders. Sustainability improves if, through 
value addition, benefits are also created for broader societal 
stakeholders.  
The model-based approach proposed in this section 
incorporates the PDCA cycle. It compares real or proposed 
options in terms of strategic alignment and sustainability 
performances to provide support for short-term decisions 
regarding single or multiple VCFs for a given project. The 
intent behind this approach is to transform company 
requirements into a representative set of attributes, which 
characterize the interactions among VCFs. A value creation 
module in a value creation network can be assessed as 
described in the following sections. 
4.1. Framework for Case-based Application 
For each case, the model-based approach must be applied 
systematically in three steps. This systematic approach 
measures the value chain’s performance and sustainability, as 
illustrated in Fig. 2 [16]. The three steps are iterated until 
satisfactory results are obtained. This approach is explained 
below. 
Step 1 - Determining the scope to clarify: The approach to 
achieve objectives (Plan) is established by determining the 
current level of value creation, considering specific 
requirements, issues, challenges, opportunities, weaknesses 
and threats. The life-cycle stage (e.g., design, operation, end-
of-life) and VCF are also identified for each case. A value 
creation module is shaped by the five VCFs and their 
hierarchical levels. 
If the level of value creation is not sufficient, relevant VCFs 
need to be changed according to the company requirements 
(Do).  We define attributes as characteristics that indicate the 
current position or the direction (e.g., increasing or decreasing) 
or rate of change in progress towards a particular goal or 
objective as required by the company. The set of attributes with 
different priorities determine the amount of change in the 
predetermined VCF. 
Step 2 - Evaluation scheme to make decisions: Every life-
cycle stage and VCF is expressed through qualitative attributes 
with an adequate number of sub-attributes and metrics, 
identified to quantify the value of the chosen factors (Do). The 
Fig. 2 Case-based application guideline [16] 
Step 1: 
Determining scope 
Step 2: 
Evaluation scheme 
Step 3: Choosing the 
best option 
Plan 
Do 
Act 
Check 
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assessment of a change in one attribute through a real or 
proposed option (Check) impacts not only the strategic 
alignment but also the sustainability value and, thus, the 
relevant VCF.  
Step 3 - Choosing the best option to apply: The existing 
situation is analyzed based on the established values. Existing, 
experimental or proposed alternatives are developed to 
overcome challenges at the last value creation level and 
evaluated to check if target is achieved (Check). If not, these 
results and their impacts on value creation drive the ensuing 
iteration cycle for further improvements. The same key 
objectives related to the VCF also address future development 
targets. The best alternative for practical application is chosen 
and implemented (Act). 
4.2. Assignment of Attributes, Sub-attributes and Metrics 
Each VCF has multiple attributes which characterize 
change resulting from alternative action plans. Each attribute 
can be comprise of as many sub-attributes as needed, 
depending on the context, and a set of quantitative metrics. The 
strength of the change is determined by the assigned values 
which are obtained for each sub-/attribute and metrics. The 
relevance of the change is presented by the case-based 
assignment of weights to the sub-/attributes.  
The characteristics presented by qualitative sub-attributes 
can be assigned values such as existing, non-existing or 
fulfilled to some extent. Qualitative values are determined 
through normalizing system knowledge, fulfilling 
requirements and as following market trends. The relevance of 
various sub-/attributes pertaining to an option under evaluation 
will depend on how well they align with corporate goals and 
can be evaluated by comparing sub-/attributes with company 
strategies. The value of strategic alignment to promote 
competitive advantage is determined by aggregating sub-
/attributes weighted by company priorities. 
Quantitative sub-attributes are represented by the metrics. 
Quantifiable values are assigned according to case-based 
measurements of individual metrics. The quantification of the 
value for sustainability is then achieved through the 
sustainability indices that are developed by aggregating the 
metrics within sub-clusters, clusters and three sustainability 
criteria following an approach similar to [14].  
If data for quantitative sub-attributes exists, a complete 
analysis of the total life-cycle can also be applied to the case. 
In any case, two values need to be computed and ranked 
according to two criteria: 1) case-based assignment through 
company preferences and 2) three criteria of sustainability. 
Shareholders are primarily interested in the value for strategic 
alignment, while the broader group of stakeholders are 
attracted to the value for sustainability. Together, these aspects 
build the composite value.  
4.3. Building the Composite Value to Evaluate Alternatives 
When evaluating options, the sub-/attributes and metrics are 
weighted equally in the absence of more accurate data. Once 
the weights and values are assigned, a continuous aggregation 
process begins. Strategic alignment value A and sustainability 
value S are calculated through multiple levels of aggregation. 
Suppose, ܽ௜௝  is the normalized value of jth sub-attribute 
under ith attribute. The value of attribute ܽ௜ is calculated by Eq. 
(1), where ݈  is the total number of sub-attributes under ith 
attribute: 
 ܽ௜ ൌ σ ݓ௜௝ܽ௜௝௟௝ୀଵ      (1) 
where, σ ݓ௜௝௟௝ୀଵ ൌ ͳ    (2) 
ܣ௜ is the strategic alignment value of ith attribute and 
calculated in Eq. (3):  
 ܣ௜ ൌ ݓ௜ܽ௜    (3) 
ܣ is then calculated Eq. (4) by aggregating values for all 
attributes (p): 
 ܣ ൌ σ ܣ௜௣௜ୀଵ     (4) 
where, σ ݓ௜௣௜ୀଵ ൌ ͳ    (5) 
ܵ  is weighted and aggregated through two levels: metric 
level and attribute level. ݉௜௝  is the individual sustainability 
metric assigned to the jth sub-attribute. Each attribute has some 
effect on sustainability criteria ݔ. ݓ௜௫  is the weighting factor 
for the ith attribute with a specific influence on the xth 
sustainability criteria, as in Eq. (6):  
 σ ݓ௜௫ଷ௫ୀଵ ൌ ͳ     (6) 
ݔ ൌ ͳ is assigned to economic, ݔ ൌ ʹ to environmental and 
ݔ ൌ ͵ to societal sustainability criteria.  
Each ݉௜௝ is classified along one sustainability criteria ݔ and 
therefore influenced only by one ݓ௜௫  in the modelling 
approach. ௜ܵ௝  is the sustainability value of jth sub-attribute in 
terms of its individual metric ݉௜௝ and is calculated in Eq. (7): 
 ௜ܵ௝ ൌ ݓ௜௫݉௜௝    (7)  
௜ܵ௫  is the value of each sustainability criteria ݔ  and is 
calculated by aggregating values for all metrics in Eq. (8): 
 ௜ܵ௫ ൌ σ ௜ܵ௝௟௝     (8)  
௜ܵ is the sustainability value of ith attribute and calculated in 
Eq. (9), where ݓ௫ is a weighting factor for the sustainability 
criteria assigned equal importance (assumption), as in Eq. (10):  
 ௜ܵ ൌ σ ௜ܵ௫ݓ௫ଷ௫ୀଵ     (9) 
The ܵ for the option is then calculated in Eq. (10):  
 ܵ ൌ σ ௜ܵ௣௜ୀଵ      (10)  
Aggregating both ܣ and ܵgenerates composite value ܥ, as 
given in Eq. (11): 
 ܥ ൌ ܣ ൅ ܵ    (11) 
5. Case-based Application 
In this section, the application of the model-based approach 
is demonstrated on a manufacturing service provider with a 
core competence in coating and repairing internal combustion 
engine components. The coating, which is a mix of ceramics 
and metallic materials, is used to preserve the components 
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against corrosion, oxidation and high temperatures during the 
working period of the engines.  
5.1. Introduction of the Value Creation System  
The company engages in checking, and, if necessary, 
coating and repairing engine components after their first or 
additional life-cycles. Value is created by the technical 
processes of coating and repairing (VCF=process).  
Around 200 employees work in three 8-hr shifts. The 
decision to reuse after repair or recycle a component is made 
by the company experts (VCF=human). Coating and repairing 
account for 30% of the cost of a new component. If the cost is 
higher, customers (VCF=human) participate in the decision-
making.  
The number of hours a component should work before it 
must be coated or repaired is about 25,000. After each repair or 
recoat, the company offers a 100% guarantee on the 
component (VCF=product) for the next 25,000 hours. Each 
component has a life-cycle of 75,000 hours, after which the 
amount of material that can be reused for each new component 
is only 10%. 
For improving internal logistics (VCF=organization) the 
goal of this case study is to develop a prototypical concept 
along the coating and repair process for different types of 
components and improving the ergonomics of the entire 
process. Streamlining manufacturing processes to improve 
quality, meet ecological challenges and cut costs imposes 
tremendous pressure on the availability and reliability of 
production equipment.  
This has led to an integrated product and service concept for 
transportation equipment (VCF=equipment) to ensure 
availability and reliability of the transportation service. 
Therefore, the company requests a standard design for 
transportation equipment according to specific needs to protect 
the components against scratches, bounces and touches.  
An additional requirement is keeping components clean 
during transportation and protecting them against dust, external 
materials and bad conditions inside and outside the 
manufacturing facilities. The equipment must be capable of 
carrying weights between 50-800 kg and sizes between 10-150 
cm. Another constraint is selecting renewable materials for 
equipment redesign while keeping unit costs below 1,500 EUR. 
5.2. Assessing Value Creation by Improving Functionality 
and Ergonomics 
The model-based approach is applied here to evaluate 
strategic alignment as well as sustainability of the 
transportation equipment alternatives.  
Step 1 - Determining scope: Layouts of coating and 
repairing processes are analyzed to ascertain how material 
flows over the entire plant following a complex sequence. 
Components are classified into two groups depending on 
characteristics and based on requirements for the transportation 
equipment. Company requirements are gathered using 
questionnaires, and results compared with documented state-
of-the-art performance measures.  
Step 2 - Evaluation scheme: To assess value creation, 
applying this approach for different equipment alternatives is 
suggested. The company sets five requirements for appropriate 
equipment that form the descriptive attributes for the 
evaluation: condition and functionality, time efficiency, 
ergonomics, standardization and transparency.  
A set of qualitative sub-attributes is chosen for each attribute 
to characterize the level of its fulfillment for each option 
considered in the evaluation. For each sub-attribute, a 
comprehensible metric is chosen to measure the sustainability 
value. For comparison of options, these data must be 
normalized on a common rating scale to aggregate and weight 
uniquely.  
The data generated from the survey on the sub-attribute 
characteristics are normalized to a single scale from 0 to 10, 
where 0 represents the most undesired or totally ineffective 
case and 10 represents the ideal case.  
The values are determined through data collection by 
employees, customers and experts through interviews, 
questionnaires, meetings, facility visits and external resources. 
The evaluation is shown for the first attribute in Table 1. The 
space limitations do not permit a detailed discussion for all 
attributes. 
Table 1 Evaluation chart for attribute “Condition and Functionality (C & F)”. 
Sub-Attribute for 
strategic alignment wij ai wi Ai 
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C & F 0.3 
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Transportation Damage 
Avoidance 0.3 
Contamination Avoidance 0.15 
Material Requirements 0.05 
Sustainability Metric wix Six wx Si 
Return Rate for Product 
Defects 
0.4 
Societal  
Value of  
C & F 
0.33 
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Mist/Dust Level 
Delivery Efficiency 0.5 
Economic 
Value of  
C & F 
0.33 
Total Product Material Use 0.1 
Environmental 
Value of  
C & F 
0.33 
Step 3 - Choosing the best option to apply: Two existing 
transportation equipment (Opt. 1-2) and five additional options 
(Opt. 3-7) are selected for evaluation and designed using a 3D-
design software.  
The values for strategic alignment and sustainability are 
calculated following eq. (1) to eq. (11) for each attribute. The 
attributes are weighted for strategic alignment based on 
company preferences for condition and functionality, time 
efficiency, ergonomics, standardization and transparency.  
Equipment options that do not satisfy the target levels for 
five attributes are eliminated and excluded (Check). The 
concerns about these options are discussed and taken as 
challenges to design other options in the second iteration. Six 
further options (Opt. 8-13) are created for improvement: One 
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option of the first (Opt. 5) and two of the second (Opt. 9 and 
Opt. 13) evaluation cycle are chosen for the prototypical 
implementation (Act) identifying the most beneficial option 
after a test use phase.  
The results for overall strategic alignment value and 
sustainability value as well as for the attribute “condition and 
functionality” is shown in Fig. 3.  
AS shown for all options, strategic alignment value and 
sustainability value are positively related. Complete results are 
not shown due to space limitations. Options exhibit this pattern 
for all attributes except time efficiency. 
6. Conclusion and Future Work 
Manufacturing activities are organized to add value to 
materials through processes using equipment and human 
capabilities. In these activities, changing the ratio between 
output and input creates value. When monitoring and 
developing solutions in manufacturing activities, most 
performance measurement methods focus on a single 
sustainability aspect.  
To support decision-makers, this paper presents a 
framework to measure and monitor changes in a VCF 
considering all aspects. The model-based approach 
concurrently evaluates profitability and sustainability 
alternatives chosen for value creation by transforming 
company requirements first into attributes to assign strategic 
alignment value and later into metrics to measure sustainability 
value. Values for all attributes are weighted and then 
aggregated to an overall value; the comparison of these values 
assists in identifying the most beneficial choice. 
The model-based approach is demonstrated for the 
transportation equipment redesign of a manufacturing service 
provider. This case study is conducted to assess strategic 
alignment and sustainable value creation with different 
equipment alternatives to fulfill company requirements. The 
results show a positive relation between the strategic alignment 
value and sustainability value.  
The case study raises further opportunities for research: 
First, data is often confidential, and widely accessible 
databases do not yet exist. Second, the case studies do not fully 
address interactions between VCFs. Therefore, a case-based 
optimization approach is needed to solve the interactions 
between qualitative sub-attributes and quantitative metrics. In 
future work, the model will be validated through case studies 
and an optimization approach will be used to focus on 
qualitative benefits. 
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Fig. 3 Results of the case study 
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